Preparation methods (ceramic and sol-gel methods) using reducing conditions were optimized for the formation of phase pure double perovskites of Sr 2 FeMo (1Àx) W x O 6 (0 # x # 1) showing enhanced homogeneity and cation ordering for investigating magnetic properties. X-ray diffraction (XRD) revealed a structural transition from tetragonal to monoclinic as W replaces Mo (x ¼ 0.5-0.6). The SQUID magnetometry confirmed a ferrimagnetic ground state for Sr 2 FeMoO 6 whereas Sr 2 FeWO 6 shows an antiferromagnetic state. Current results demonstrate that improved preparation methods can enhance the saturation magnetization.
Introduction
Members of the A 2 
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The Sr 2 FeMoO 6 (SFMO) shows a different behavior versus Sr 2 FeWO 6 (SFWO) with respect to magnetic, electron transport and structural properties. The SFMO is a half-metallic ferromagnetic (FM) or ferrimagnetic (fM) material featuring a high Curie temperature above 400 K 9-12 for high degree ordering of Fe 3+ and Mo
5+
. Spintronics and high tunneling magneto resistance (TMR) at room temperature are the main applications of these materials. 13 On the contrary, SFWO is an antiferromagnetic (AFM) and insulator material showing a Neel temperature around 37 K. 1, 14, 15 Therefore, a metal-insulator transition (MIT) as well as a fM to AFM change order must occur if W-doping approaches a certain critical composition (x c ).
Because both the MIT and the magnetic transition are related to subtle structural changes, a transition may also be expected in this series at increasing W concentrations. Indeed, MIT in SFMWO has been reported by different groups 1, 4 for composition in the range of 0.7 # x c # 0.8 as the number of itinerant electrons considerably changes from SFMO (one electron per formula unit) to SFWO (no itinerant electrons). , leads to the formation of an inhomogeneous state of FM clusters that are embedded within the AFM isolating matrix as percolation model.
1,7
There is less agreement in the literature on the structural properties of SFMWO. For example, Kobayashi et al. 1 reported that SFMWO has a tetragonal (I4/m) structure across the entire composition range (0 # x # 1). At very high W contents, e.g. x $ 0.9, a nearly cubic structure is inferred from the lattice parameter values. The lattice parameters a and c increase with x and show almost perfect ordering of Fe, Mo and W are present for x > 0. 4 .
). Following this report, Sanchez et al. 7 re-examined the structure of SFMWO perovskites at different compositions. It was found that for x ¼ 0, 0.2 and 0.5 the room-temperature structure is tetragonal (I4/m), while for x ¼ 0.8 and x ¼ 1 the structure is monoclinic (P21/n) in agreement with ref. 15 . Therefore, the observed structural evolution for the solid-state reaction series supports the concept of a progressive valence transition manifested as a continuous localization of electrons from SFMO (x ¼ 0) to SFWO (x ¼ 1), 1, 3, 6 i.e. no critical concentrations exist for the valence transition. With increasing W doping, there is also a gradual distortion of the oxygen octahedral around Fe, Mo and W, but the corresponding bond strain is suddenly relaxed to the Sr-O bonds. This triggers a tetragonal to monoclinic phase transition at compositions near x c $0.6. treatment conditions, time and atmosphere. 13 Kinetic processes primarily control the degree of ordering. 9 There have been several studies [16] [17] [18] to obtain pure phases to improve cation ordering. It has also been reported 10 that synthesis of pure phase compounds without formation of impurities such as SrMoO 4 is unlikely.
In this work we investigate a series of SFMWO prepared by sol-gel (SG) and ceramic reactions (CR). Compositions were chosen to cover the entire series in steps of 0.1. Additional information is provided for intermediate compositions of 0.5 # x # 0.8 that were not covered by other studies.
5,7 Property analysis using different routes of preparation inspired us to perform new syntheses including a single calcination step at 1100 C by ceramic reaction and at 1000 C by the sol-gel methods.
Experimental
The The metal salts and ethylenediaminetetraacetate (EDTA) were dissolved separately in a diluted nitric and citric acid mixture while heating slowly to 70 C in an ultrasonic bath. All the dissolved metal salts were mixed in a ask containing ethylene glycol. The mixtures were heated to remove the citrate and nitrate solutions and to begin the aging. The amount of the additives as well as the order of mixing of the chemicals were varied to achieve best homogeneity. Citric acid and ethylene glycol were used at the same quantity as metal salts. The amount of nitric acid and EDTA were 2-and 1.5-fold the amount of metal salts, respectively. The pH of the solution was held near 3 by adding ammonia.
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The mixtures were heated for several hours at 80 C to form a highly viscous yellowish or brownish residual gel and nally dried at 110 C. The gel turned into brown dry foam that was crushed and pressed into pellets. Calcination took place in air to decompose the precursor at 600 C for 6 h with intermediate grinding and pelletizing followed by subsequent treatment at 900 C for 5 h. The pellets were then annealed in the same way as ceramic reaction in different temperature (1100-900) and time (2-6) range. However, lower temperature and shorter duration of sintering (1000 C, 4 h) was sufficient to form intended compounds. The grain size and density were analyzed by scanning electron microscopy (SEM). Energy dispersive X-ray analysis (EDX) was used to quantitate elemental distribution.
For Sr 2 FeMo 1Àx W x O 6 the diffraction patterns were collected at ambient temperature using a STOE StadiP diffractometer and monochromatic CuK a1 radiation (1.5406Å). The data were acquired with a step-scan interval of 0.01 and a step time of 30 s.
The DC magnetic characterizations were performed on a SQUID magnetometer (Quantum Design) in the range 2-300 K. The magnetizations were measured with zero eld cooling (ZFC) and eld cooled (FC) at 100 Oe.
Results and discussion

X-ray diffraction and structure analysis
The X-ray diffraction pattern for Sr 2 FeMo 0.5 W 0.5 O 6 specimens prepared by the ceramic reaction and the sol-gel route are shown in Fig. 1 . The dominant phase is tetragonal (I4/m, a ¼ 5.5849(4)Å, c ¼ 7.9362(8)Å). For the series prepared by ceramic synthesis, traces of the Sr 3 WO 6 impurity phase 20 and even pure Fe could be detected ( Fig. 1(a) ). These phases most probably formed by segregation. Located in the intergranular regions, it is known that these other phases can affect the magnetic and magnetoresistance properties of SFMWO.
In contrast ( Fig. 1(b) ), no impurity phases were found for specimens prepared by the sol-gel route showing a single-phase behaviour following X-ray analysis across the entire compositional range. No impurity phases were detected. This demonstrates a complete solubility of Mo and W and preservation of the double perovskite structure.
Therefore, more accurate measurements have been done at the synchrotron on the sol-gel sample to control for impurities. The results support phase pure compounds (Fig. 2) .
The Sr 2 FeMoO 6 XRD analysis showed no trace of SrMoO 4 impurities in samples prepared by sol-gel aer calcination followed by sintering (Fig. 3) . However, samples prepared for ceramic reaction contained traces of SrMoO 3 . It is known 10 that the SrMoO 4 impurity found in solid solutions are associated with SFMO oxygenation. This might be because of the increasing valence states from Mo 5+ to Mo 6+ , which reduces the solubility of Mo in SFMO. The XRD patterns of the SFMWO series were analyzed by the Rietveld method using MAUD. 21 The data indicated, both a tetragonal (I4/m) and monoclinic (P21/n) crystal structures (see Table 1 ). These data show the Sr 2 FeMo 1Àx W x O 6 specimens with 0 # x # 0.5 exhibit a tetragonal structure, while for x $ 0.6 they are monoclinic (Fig. 4) The scanning electron microscopy study reveals a higher and more compact, homogenous grain distribution of the sintered pellet prepared by sol-gel syntheses as compared to the ceramic reaction methods. In the sol-gel protocol, citric acid and EDTA additives are essential to promote interactions with metal ions such as Sr 2+ , Fe 3+ and Mo 6+ .
The gel powder sintered at 1000 C has an average grain size of about 0.5-1 mm with homogeneous, ne morphology and more dense structure versus powders obtained by the ceramic reaction method (Fig. 6 ). The macroscopic properties and structure of SFMWO compounds may be affected by the sintering process. EDX analysis of the series approved the stoichiometric composition and presence of essential elements.
Magnetization measurements (SQUID)
The magnetic behaviour of x ¼ 0 during zero eld cooling in 100 Oe magnetic eld was analysed in (Fig. 7) . This compound showed an increase in magnetization upon eld cooling (FC). This effect may be due to the decrease in thermal uctuations of magnetic moments. The magnetization increased at zero eld as well, but not as strongly as in a eld. This is similar to the behaviour of a ferrimagnet, where the inuence of the negative magnetic sub-lattice leads to a decrease in the overall magnetization. For a ferromagnetic behaviour, the magnetization curve at zero eld would be the same as in an applied eld. Both the cooled eld and the cooled zero eld samples start with a non-zero magnetization. This is a sign of residual magnetisation because the measurement was started at a temperature below the Curie temperature. The behaviour of the remanent magnetization seen during heating and cooling in a zero eld was also analysed (Fig. 8) . SFMO shows a decrease in magnetization as the temperature is increased, which is a typical ferro-/ferrimagnetic compound. As the sample is cooled, the magnetic ordering is restored. In ferromagnetic materials, the remanent magnetization would return almost to baseline. In a ferrimagnetic sample, however, the negative sub-lattice decreases remanent magnetization. The SFMO clearly shows ferrimagnetic behaviour, which disappears at T c ¼ 420-450 K.
In Sr 2 FeMo 0.2 W 0.8 O 6 , the magnetization decreases rapidly when it is heated (Fig. 8 ). This behaviour is quite interesting because it does not appear to be a ferro-, ferri-, or antiferromagnetic. A possible explanation is the presence of a spin-glass state.
22,23
The magnetization of SFWO stays at a constant level until it decreases suddenly at about 125 K. When the sample is cooled again, it shows a small increase in the magnetization at the same temperature. This suggests the presence of some ferro-or ferrimagnetism in x ¼ 1; the sudden change in magnetization could indicate its Curie temperature T c . At temperatures over 125 K, the magnetization is still not zero, which indicates the presence of another ferro-/ferrimagnetic phase with a T c higher than 350 K. It is possible that this is the same ferrimagnetic ordering as measured at x ¼ 0 with a T c ¼ 420-450 K as mentioned in the literature.
10,23,24
The hystereses were measured for both series and magnetization curves (M vs. H) are shown in Fig. 9 . In order to avoid thermal activation, the measurements were performed at low temperature (4.2 K). In both series, the hysteresis loop for x ¼ 0 is quite narrow and the saturation eld is very low at about 1 T, which indicates that this compound is a so ferrimagnet. The entirely wellordered sample with ferromagnetic coupling between the Fe 3+ (3d 5 ) and Mo 5+ (4d 1 ) states was estimated to have a magnetic moment of 4 mB per f.u. 7 The saturation magnetization in the ceramic reaction and sol-gel compounds are 3.14 and 3.6 mB per f.u. respectively, which is in agreement with the nding of previous studies. 4 This deviation might be occurred with limited disorder, which can happen given the chemical inhomogeneity in samples prepared via different methods. Aer complete replacement of Mo by W, the magnetization dropped which is attributed to a slight decrease in the ordering factor on the B-sites. This indicates the loss of long-tern ferromagnetic ordering and gives evidence for metal insulator transition (MIT) in this complex compound.
Even aer 70% substitution of Mo by W in the Sr 2 FeMo 0.3 -W 0.7 O 6 compound, the magnetization is still very high. This compound possesses a broad hysteresis loop and saturation magnetization could not be attained even at 5 T. The magnetization reached up to 3.5 mB per f.u. in the sample prepared using a ceramic reaction method; it differed marginally in the sol-gel compound. Ref At an 80% replacement of Mo by W, there is a sudden drop indicating a transition from ferromagnetic to antiferromagnetic state.
The M vs. T curves for both series are presented in Fig. 10 . Through increasing the amount of W over x > 0.7, an antiferromagnetic ordering appeared near a Neel temperature of T N ¼ 40 K. In these samples, ferrimagnetism and antiferromagnetism exist simultaneously.
1,25 A long range of AFM ordering and a clear Neel peak are observed in SFWO (Fig. 11) . By doping the W, the valence transition from ferrimagnetic to antiferromagnetic occurs in the range of 0.7 < x c < 0.8.
The magnetization declined by doping the W aer x > 0.7. This might be because of a decrease in the antisite defects of Fe and (Mo, W) on the B sites. Alternatively, the specic spin arrangement of Fe and (Mo, W) sub-lattices will disappear by increasing disorder or might be the result of chemical composition diversity in different parts of the sample.
In general, the sol-gel compound is expected to have more order in the Fe/Mo sites that would cause higher magnetic properties. Iron can cause metal cluster formation that generates ferromagnetic coupling, whereas the ceramic reaction compound Fe/Mo will result in antiferromagnetic coupling.
10
The SFWO sample prepared by ceramic reaction was measured in the FC and ZFC mode and shows two transitions (Fig. 11) . Near 125 K, a transition occurs that is best visible in the FC curve. It is the same transition from a ferrimagnetic to a ferrimagnetic state below 125 K that was observed in the remanent magnetization curves (Fig. 9) . The FC and ZFC curves below this temperature indicate the presence of a ferrimagnetic phase. Below 40 K, the magnetization decreases with temperature. This is likely an antiferromagnetic system. The transition temperature (the so-called Néel temperature T N ) is in the same range as the literature value of T N ¼ 37-40 K. 1, 7, 14 Combined with the results from the remanent magnetization experiment, this suggests the occurrence of three different magnetic states in SFWO: an antiferromagnetic state below 40 K, a ferrimagnetic state below 125 K, and a ferrimagnetic state up to 350 or 450 K. Zero eld cooling measurements at 100 Oe for SFWO prepared by sol-gel method (Fig. 11b) did not show such a transition at 125 K. We conclude that the sample prepared by the sol-gel route represent a purer phase with respect to these two states. The ceramic synthesis sample showed three states of different phases.
For Sr 2 FeMo 0.3 W 0.7 O 6 , the FC and ZFC curves show ferrimagnetic behaviour (Fig. 12) . A further measurement was made aer, cooling to 4.2 K in a 100 Oe eld that was inversed to À100 Oe. This lead to a decrease in magnetization, because the negative sublattice of the ferrimagnetic state was excited. The magnetization decreased as the temperature increased. The magnetization was zero at 120 K. This was the compensation temperature q Comp 26 and at this point the positive and negative sublattices cancel each other. Aerwards, the sample was cooled again by inversing the eld to À100 Oe. This curve is the reection of the FC curve in positive eld. The SQUID 
Conclusions and outlook
We report on a sol-gel procedure to prepare homogeneous polycrystalline samples of a double perovskite showing minimum antisite disorder, promoting a high saturation magnetization and a low eld magnetization. The physical properties of this series are inuenced by the order parameter of the structure that is affected by the method of synthesis and conditions. The reactant concentrations and reducing conditions must be chosen carefully to prepare pure double perovskite samples with small anti-site defects.
The results indicate that the magnetic properties change from ferrimagnetic to antiferromagnetic at a critical composition of 0.7 < x c < 0.8 by W doping. The magnetic measurements indicated that the sol-gel sample saturation magnetization is slightly greater than those prepared by the ceramic reaction method.
